A high-affinity K + transporter PutHKT2;1 cDNA was isolated from the salt-tolerant plant Puccinellia tenuiflora. Expression of PutHKT2;1 was induced by both 300 mM NaCl and K + -starvation stress in roots, but only slightly regulated by those stresses in shoots. PutHKT2;1 transcript levels in 300 mM NaCl were doubled by the depletion of potassium. Yeast transformed with PutHKT2;1, like those transformed with PhaHKT2;1 from salt-tolerant reed plants (Phragmites australis), (i) were able to take up K + in low K + concentration medium or in the presence of NaCl, and (ii) were permeable to Na + . This suggests that PutHKT2;1 has a high affinity K + -Na + symport function in yeast. Arabidopsis over-expressing PutHKT2;1 showed increased sensitivities to Na + , K + , and Li + , while Arabidopsis overexpressing OsHKT2;1 from rice (Oryza sativa) showed increased sensitivity only to Na + . In contrast to OsHKT2;1, which functions in Na + -uptake at low external K + concentrations, PutHKT2;1 functions in Na + -uptake at higher external K + concentrations. These results show that the modes of action of PutHKT2;1 in transgenic yeast and Arabidopsis differ from the mode of action of the closely related OsHKT2;1 transporter.
Introduction
Soil salinity is one of the most important abiotic stresses for plants and is a substantial constraint to agricultural production worldwide. Understanding the molecular mechanism of salt stress tolerance and subsequently developing salt-tolerant crops are now essential for solving the current problem of salt stress. High salinity causes both osmotic and ionic stress and can lead to growth inhibition and plant death. For many plants, such as graminaceous crops, sodium disequilibrium is the primary consequence of ionic stress and often leads to adverse effects on plant nutrition, enzyme activities, photosynthesis, and metabolism (Tester and Davenport, 2003; Mahajan and Tuteja, 2005; Munns and Tester, 2008) .
In saline environments, high external Na + favours Na + entry down the electrochemical gradient across the plasma membrane. Outright exclusion of Na + and vacuolar compartmentalization of internal Na + are some of the mechanisms by which plants acquire salt tolerance. Plasma membrane Na + /H + antiporters, also known as SOS1 or NHA-type transporters, are responsible for extruding Na + out of the salt-stressed cell, while vacuolar membrane Na + / H + antiporters, also known as NHX-type antiporters, are responsible for the sequestration of Na + from the cytosol into vacuoles under salt stress (Hasegawa et al., 2000; Zhu, 2003; Munns and Tester, 2008; Mahajan et al., 2008) .
A third mechanism for improving salt tolerance is gaining control over Na + influx. Toxic Na + influx into roots under high external Na + concentrations has been suggested to be mediated by non-selective cation channels (NSC) or voltage-independent channels (VIC) (Amtmann and Sanders, 1999; Schachtman and Liu, 1999; Blumwald et al., 2000; Maathuis and Sanders, 2001; Demidchik and Tester, 2002) . However, the detailed molecular identities of NSC/VIC remain unknown. Finally, high-affinity K + transporters (HKT-type transporters) could mediate Na + entry into plant cells.
HKT-type transporters have been characterized in several plant species (Schachtman and Schroeder, 1994; Rubio et al., 1995; Fairbairn et al., 2000; Uozumi et al., 2000; Horie et al., 2001; Garciadeblas et al., 2003; Su et al., 2003; Ren et al., 2005) , and the known plant HKTs have been shown to perform diverse functions. For example, TaHKT2;1 of wheat showed a dual mode of action in a heterologous expression system. That is, it acted as a Na + -K + -symporter at low Â Na þ Ext Ã but switched to a Na + -uniporter at high Â Na Rubio et al., 1995; Gassmann et al., 1996) . Genetic knock-down of TaHKT2;1 in wheat reduced the Na + content of root exudates and enhanced the growth of transgenic plants under salinity (Laurie et al., 2002) showing that TaHKT2;1 can function as a Na + -uptake pathway in wheat roots. AtHKT1;1 from Arabidopsis and OsHKT2;1 from rice were also characterized as Na + -uniporters in heterologous expression systems (Uozumi et al., 2000; Horie et al., 2001; Garciadeblas et al., 2003) . Further functional characterization in planta by genetic mutations revealed that AtHKT1;1 does not mediate Na + -influx into Arabidopsis roots (Maser et al., 2002a; Berthomieu et al., 2003; Horie et al., 2006) , while OsHKT2;1 mediates Na + -uptake into K + -starved roots (Horie et al., 2007) .
Because most of the economically important crops are monocotyledonous, understanding the salt-tolerance mechanisms of monocotyledonous halophytes will aid in improving the salt tolerance of cereals. HKT genes have been isolated from several halophytes (Liu et al., 2001; Takahashi et al., 2007; Shao et al., 2008) , but so far only one of them, the reed plant Phragmites australis, is a monocotyledon. Puccinellia tenuiflora (Griseb.) Scrib. et Merr. is a monocotyledonous plant found in saline-alkali soil in China, and is highly tolerant to salinity stress (Peng et al., 2004; Wang et al., 2004 Wang et al., , 2007 Zhang et al., 2008) . The salt tolerance of P. tenuiflora is thought to be due to its ability to restrict the unidirectional Na + influx to the root cells which leads to a large Na + concentration gradient between roots and shoot (Wang et al., 2009) . The endodermal barrier to Na + in P. tenuiflora roots was proposed to restrict Na + uptake as the uptake of K + is maintained (Peng et al., 2004) . Although high K + /Na + selective transporter(s) were suggested to contribute in the restriction of unidirectional Na + influx (Wang et al., 2009) , the molecular identities of these channels/transporters have not been reported.
In this study, a cDNA encoding an HKT-type potassium transporter was isolated from P. tenuiflora (PutHKT2;1) and its expressions has been analysed under K + -starvation and salt stress conditions. The function of PutHKT2;1 was investigated in transgenic yeast and Arabidopsis and compared with closely related OsHKT2;1 of rice and PhaHKT2;1 (previously named PhaHKT1, Takahashi et al., 2007) of the reed plant.
Materials and methods
Plant materials, growth conditions, and stress treatments Seeds of P. tenuiflora were collected in an alkaline soil area located in North-East China. Plants were germinated in tap water for 14 d and then transferred to nutrient solution and allowed to grow for another 14 d before stress treatments. The nutrient solution contained 0.75 mM NH 4 NO 3 , 0.5 mM KCl, 0.25 mM NaH 2 PO 4 , 0.75 mM CaCl 2 , 0.5 mM MgCl 2 , 0.075 lM ZnSO 4 , 0.032 lM CuSO 4 , and 2 mg l À1 Fe-EDTA. The temperatures of the growth chamber were maintained at 28°C during the day and 22°C at night while the daily photoperiod of 350-400 mmol m À2 s À1 was 12 h. For the salt-stress treatment, NaCl was added to this solution at 300 mM. For the K + -starvation treatment, KCl was removed from the standard solution. Plants were harvested at 6, 12, and 24 h after stress treatments and preserved in -80°C for further analyses.
Cloning of HKT cDNA from P. tenuiflora (PutHKT2;1)
Total RNA was extracted from the shoots of P. tenuiflora using RNeasy plant extraction Mini Kit (Qiagen, Germany) according to the manufacturer's instructions. Total RNA was reverse transcribed by using an oligo dT primer and MMLV-reverse transcriptase. The partial cDNA fragment was amplified by PCR, using a degenerate forward primer (5#-TCCATATCAAGCTGCATAGC-3#) and a reverse primer (5#-AGCCTTCCATAGAGCATGAC-3#) deduced from the conserved regions of HKT, and reverse transcription product as a template. Full-length cDNA was obtained using 5#-and 3#-RACE techniques. The full-length cDNA of PutHKT2;1 was amplified using a forward primer (5#-ATATAACATCATGGGTCGGGTGAAG-3#) and a reverse primer (5#-GCAAAGGCAAGTGTACCAAATTGGT-3#). The PCR product was subcloned into pBluescript vector and sequenced.
Extraction of genomic DNA and Southern hybridization
Genomic DNA of P. tenuiflora was isolated from 4-week-old plants using the CTAB method. The genomic DNAs (20 lg lane À1 ) were digested with restriction enzymes, BamHI and HindIII, separated on a 0.8% (w/v) agarose gel, and transferred to a Hybond-N + nylon membrane (GE Healthcare Life Sciences, UK). The membrane was hybridized overnight at 45°C with a digoxigenin (DIG)-labelled PutHKT2;1 cDNA probe that was amplified by PCR with a forward primer (5#-AGGAGAACACGAAAGGCAAGAGATG-3#) and a reverse primer (5#-TCCATTGCAAGCGCAACACG-TATAT-3') using PCR DIG Labeling Mix (Roche Diagnostics, Switzerland). The signals were detected with CDP-Star detection reagent (GE Healthcare Life Sciences, UK) using a LAS-1000 plus image analyser (Fuji Film, Japan).
RNA extraction and cDNA synthesis for real-time RT-PCR
For real-time RT-PCR, total RNA was extracted from the roots and shoots of P. tenuiflora subjected to 300 mM NaCl, K + -starvation, or both stresses using the RNeasy plant extraction Mini Kit (Qiagen, Germany) according to the manufacturer's instructions. Two micrograms of DNasetreated RNA was reverse transcribed to cDNA using the High Capacity RNA-to-cDNA Kit (Applied Biosystems, USA) following the manufacturer's instructions. The cDNA was diluted 10 times and 1 ll of the diluted cDNA was used as the template in each well for quantitative real-time PCR analysis. The cDNA was amplified using Power SYBR Green PCR Master Mix (Applied Biosystems, USA) on the ABI 7300 thermocycler (Applied Biosystems, USA). A tubulin gene from P. tenuiflora was cloned and used as an internal standard to normalize the expression data for the PutHKT2;1 gene. The following primers were used: 5#-TTCCATCGACTGCTCACTCA-3# and 5#-CCATCAC-TGGGTGGTGCAAA-3# for PutHKT2;1, 5#-GCTGACCA-CACCTAGCTTCGGGG-3# and 5#-GACCAGGGAACC-TCAGGCAGC-3# for tubulin. The PCR was performed as follows: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A dissociation kinetic analysis was performed to check the specificity of the annealing. Three replications were performed for each sample. Standard determination curves were generated using serial dilutions of 1000, 500, 250, 125, and 62.5 ng ll
À1
cDNA. The results were analysed according to Muller et al. (2002) .
Subcellular localization of PutHKT2;1::GFP fusion protein A pBluscript plasmid containing a green fluorescent protein (GFP) gene, sGFP(S65T), was digested by KpnI and SalI. The PutHKT2;1 open reading frame (ORF) containing KpnI and SalI sites was amplified by PCR, digested, and fused in-frame with the GFP. Transient expression of GFP fusion constructs was performed via bombardment of onion epidermal cells using a Biolistic PDS/He system (Bio-Rad, USA) following standard protocols. After bombardment, the cells were recovered on plates for 10 h at 28°C in the dark before observation using an Olympus BX51 microscope (Olympus, USA).
Functional characterization of PutHKT2;1 in yeast
The ORF of PutHKT2;1, OsHKT2;1, and PhaHKT2;1 was inserted into the protein expression vector pAUR123 (Takara, Japan), and introduced into Saccharomyces cerevisiae strain 9.3 (ATCC 201409), in which the original potassium transporters (TRK1, 2) and P-type ATPase involved in Na + extrusion (ENA1-4) were deleted. The ion uptake experiment was performed as described previously (Takahashi et al., 2007) . For the yeast growth test experiment, transformed yeasts were cultured overnight at 30°C in SC/-His medium containing 0.5 lg/ml Aureobasidin until the OD 600 reached 0.8, and 10-fold serial diluted cultures were incubated on SC/-His plates containing the indicated concentrations of K + and Na Generation of transgenic Arabidopsis plants overexpressing the PutHKT2;1 and OsHKT2;1 genes
The coding regions of PutHKT2;1 and OsHKT2;1 were subcloned into the plant transformation binary vector pBI121 (Clontech, Japan) under the control of CaMV 35S promoters with nptII as the selectable marker for kanamycin resistance (Fig. 1A) . The constructs were introduced into Agrobacterium tumefaciens strain EHA 105. Arabidopsis (ecotype Colombia) was transformed by the floral dip method (Clough and Bent, 1998) . A total of 14 PutHKT2;1 and 16 OsHKT2;1 independent T 0 transgenic plants were obtained by screening kanamycin-resistant regenerated Arabidopsis plants. An RNA gel blot analysis of the T 0 transgenic plants showed the introduced gene transcript in 10 out of 14 lines of PutHKT2;1 and in 13 out of 16 lines of OsHKT2;1 with varied expression levels among the lines (data not shown). Expression of the transgene was confirmed in the T 2 generation lines by an RNA gel blot analysis (Fig. 1B) . Lines 4-2 and 11-2 of PutHKT2;1 and lines 7-5 and 14-2 of OsHKT2;1 transgenic plants were used for root length assays and ion content measurements. All of the lines used in these experiments were homozygous, except for line 4-2 of PutHKT2;1. This heterozygous PutHKT2;1 no. 4-2 was used based on the PutHKT2;1 expression level. The germination rate of PutHKT2;1 no. 4-2 seeds were more than 80% on the kanamycin selection medium. The seedlings that survived on the selection medium consisted of both homozygous and heterozygous plants. However, no difference was observed in the phenotype of the seedlings. In addition, the phenotype of PutHKT2;1 no. 4-2 seedlings were indistinguishable from those of the homozygous PutHKT2;1 no. 11-2 seedlings, both under normal or stress conditions. These results suggest that the introduced gene action is dominant.
Functional comparison of PutHKT2;1 and OsHKT2;1 in transgenic Arabidopsis
Seeds were surface-sterilized with 70% (v/v) ethanol for 2 min and 1% (v/v) NaClO solution for 15 min. The seeds were rinsed three times with water, and sown on MS medium containing 1.5% (w/v) sucrose, 0.8% (w/v) agar, and 50 mg l À1 kanamycin. Seven-day-old seedlings were transferred from germination medium to minimal medium (Maser et al., 2002a) , supplemented with the indicated amounts of NaCl, KCl, and CaCl 2 . The standard minimal medium contains 1.75 mM K + , thus for medium containing more or less K + the KNO 3 and KH 2 PO 4 were replaced with NH 4 NO 3 and NaH 2 PO 4 .2H 2 O, respectively, and KCl was added as indicated. For the determination of shoot and root ion contents, plant material (15 plants in each pool) was dried in an oven at 68°C for 7 d. The dried material was pulverized with Micro Smash MS-100 bead beater (TOMY, Japan). Ions were extracted with 1 M HCl, and were measured with an atomic absorption spectrophotometer AA670-G (Shimadzu, Japan).
Results
Isolation and characterization of PutHKT2;1 cDNA By using degenerate primers deduced from several HKT sequences and standard reverse transcription (RT)-PCR methods, a cDNA homologue of an HKT high-affinity K + transporter from P. tenuiflora was cloned. The length of the amplified cDNA fragment was about 1500 bp, and the translated amino acid sequence showed high homology to TaHKT2;1 (Schachtman and Schroeder, 1994) and HvHKT2;1 (Haro et al., 2005) . The full-length cDNA was obtained by 5#-and 3#-RACE and was designated as PutHKT2;1 (Accession no. FJ716169) which is 1778 bp long and contains an ORF of 1593 bp encoding 531 amino acid residues. PutHKT2;1 belongs to subfamily 2 in a phylogenetic tree proposed by Platten et al. (2006) (Fig. 2C ) and shares high homology with the other members of the subfamily (80, 77, 67, and 64% identities at the amino acid level with TaHKT2;1, HvHKT2;1, PhaHKT2;1, and OsHKT2;1, respectively). Analysis of the PutHKT2;1 sequence by the TMpred program predicted eight transmembrane-spanning domains ( Fig. 2A) which result from sequential membranepore-membrane (MPM) motifs as has been previously suggested in HKT structural models Kato et al., 2001; Maser et al., 2002b) . A glycine residue at the filter position in the first P-region is conserved in the PutHKT2;1 sequence ( Fig. 2A) , suggesting that PutHKT2;1 is a K + -Na + -type rather than a Na + -Na + -type transporter (Maser et al., 2002b) . While AtHKT1;1 was reported to be a single copy gene in the Arabidopsis genome (Uozumi et al., 2000) , reed plants and rice possess several HKTs (Takahashi et al., 2007; Garciadeblas et al., 2003) . Genomic Southern-hybridization using DIG-labelled PutHKT2;1 cDNA as a probe revealed a number of PutHKT2;1 hybridizing bands, suggesting that PutHKT2;1 belongs to a small gene family (Fig. 2B) .
Subcellular localization of PutHKT2;1::GFP fusion protein
To determine the exact subcellular localization of the PutHKT2;1 protein within plant cells, the GFP gene was fused in-frame to the C-terminus of PutHKT2;1. Transient expression analysis was performed by introducing the fusion protein into onion epidermal cells by particle bombardment (Fig. 3) . A bright fluorescence bordering the cell was found in cells expressing PutHKT2;1::GFP. The fluorescence derived from GFP in control experiments was distributed throughout the cell, including the nucleus. The transient expression analysis confirmed that PutHKT2;1 localizes at the plasma membrane of plant cells. The plasma membrane was also the site of other HKT proteins, including McHKT1;1 (Su et al., 2003) , AtHKT1;1 (Sunarpi et al., 2005) , and OsHKT2;1 (Horie et al., 2007) .
Expression of PutHKT2;1
Since most HKTs were found to be regulated by K + -starvation and NaCl stress conditions (Kader et al., 2006; Takahashi et al., 2007; Shao et al., 2008) , real-time RT-PCR was used to investigate the expression levels of PutHKT2;1 in shoots and roots of P. tenuiflora subjected to NaCl and K + -starvation stresses for 24 h (Fig. 4A) . The expression of PutHKT2;1 was induced dramatically in roots under K + -starvation conditions (approximately 25-fold compared with the control). PutHKT2;1 expression in roots was also induced by 300 mM NaCl (1.7-fold compared with the control) or by 300 mM NaCl and K + -starvation stress (3.4-fold compared with the control), but its expression was only slightly regulated by those stresses in shoots. To gain further insight into ionic stress regulation of PutHKT2;1 expression in roots, PutHKT2;1 expression was monitored over a 24 h period (Fig. 4B) . Under potassium starvation stress, PutHKT2;1 expression gradually increased. Under 300 mM NaCl, in the presence of both high and low external K + concentration, PutHKT2;1 transcript levels decreased by approximately 30% compared to the control at 6 h. After 12 h and 24 h of 300 mM NaCl stress, the PutHKT2;1 transcript level at low external K + concentration was twice that at high external K + concentration.
Functional comparison of PutHKT2;1, PhaHKT2;1, and OsHKT2;1 genes in yeast Since PutHKT2;1 had been shown to share high similarity with PhaHKT2;1 and OsHKT2;1 at the amino acid level, the function of these proteins was compared in a yeast expression system. PutHKT2;1, OsHKT2;1, and PhaHKT2;1 cDNAs were introduced and expressed in yeast strain 9.3 cells and the ion uptake characteristics of the cells were analysed. Previous functional characterization in yeasts showed that PhaHKT2;1 from the Nanpi area functions as a high affinity K + -Na + co-transporter (Takahashi et al., 2007), while OsHKT2;1 functions as a Na + selective uniporter (Uozumi et al., 2000) . In this study, yeasts expressing PutHKT2;1 or PhaHKT2;1 grew better than the strain expressing OsHKT2;1 under micromolar K + concentrations (10 lM K + ) and were able to complement the K + uptake deficiency phenotype, whereas the yeast strain expressing OsHKT2;1 did not (Fig. 5) . Furthermore, the suppression of yeast growth by 100 mM NaCl was rescued by the addition of K + in the yeasts expressing PutHKT2;1 and PhaHKT2;1, but not in the yeast expressing OsHKT2;1. To investigate further whether the growth promotion of yeasts expressing PutHKT2;1 and PhaHKT2;1 cDNA was due to their ability to take up K + , the ion uptake ability of those yeasts was measured. The yeasts expressing PutHKT2;1 or PhaHKT2;1 showed a high K + uptake ability in the Rb + uptake experiment, while the yeast expressing OsHKT2;1 did not (Fig. 6C ). Similar to PhaHKT2;1, PutHKT2;1 functioned in the micromolar range of Rb + (K + ), indicating that it mediated high affinity K + uptake. PutHKT2;1 also showed permeability to Na + (Fig. 6A, lower panel) . Increased Na + influx with an increasing concentration of NaCl was observed in all of the transformed yeasts. However, yeasts expressing PutHKT2;1 and PhaHKT2;1 could maintain their K + uptake ability (Fig. 6A, upper panel) , and, as a result, had a higher K + /Na + ratio than the yeast strain expressing OsHKT2;1 (Fig. 6B) .
Ion-specific sensitivity of PutHKT2;1 and OsHKT2;1 transgenic plants PutHKT2;1-and OsHKT2;1-expressing seedlings exhibited normal growth and were indistinguishable from WT plants on minimal medium with respect to root length (Figs 7A, 8) and shoot phenotype (Fig. 7B) . Because the functional characterization of PutHKT2;1 and OsHKT2;1 in yeast showed that they have different ion uptake modes, various ionic stresses were imposed (75 mM KCl, 75 mM NaCl, and 10 mM LiCl) in order to determine the ion specificity of the two transporters. Our results showed that OsHKT2;1 overexpression leads to Na-specific sensitivity, as OsHKT2;1-expressing seedlings had shorter roots (Figs 7A, 8A) and Fig. 3 . Subcellular localization of PutHKT2;1::GFP fusions. GFP fusion constructs of PutHKT2;1::GFP or control GFP were introduced into onion epidermal cells by particle bombardment, and the fluorescent signals were examined 10 h after bombardment. (Fig. 7B) in the presence of all the cations tested, indicating that PutHKT2;1 mediates sensitivity not only to Na + but also to K + and Li + , cations that are physically similar to Na + . These results showed that PutHKT2;1 and OsHKT2;1 have different ion specificity.
PutHKT2;1 and OsHKT2;1 mediate K-dependent Na-sensitivity in different ways OsHKT2;1 has been reported to mediate Na + uptake into K + -starved roots in vivo (Horie et al., 2007) . Therefore, WT and transgenic seedlings were subjected to various external K + concentrations in the presence of 50 mM NaCl to determine the K + -dependency of PutHKT2;1. As expected, the root growth and shoot phenotype of OsHKT2;1-expressing seedlings were more adversely affected as the external K + concentration decreased (Fig. 9) , confirming that low external K + concentration induces OsHKT2;1-mediated Na + -uptake. By contrast, the root growth and shoot phenotype of PutHKT2;1-expressing seedlings were more adversely affected as the external K + concentration increased. The root growth and shoot phenotype of PutHKT2;1-expressing seedlings were indistinguishable from those of the WT in the presence of 50 mM NaCl and 0.1 mM KCl, indicating that PutHKT2;1 mediates Na + uptake in the higher external K + concentration range. Furthermore, external Ca 2+ addition could rescue the Nasensitivity of the WT, but Na + -sensitivities of PutHKT2;1-and OsHKT2;1-expressing seedlings were not affected by increasing the Ca 2+ concentration in the medium from 0 mM to 3 mM (Fig. 10) . In the lines expressing PutHKT2;1, Ca 2+ was able to rescue the effects of Na + stress slightly but only at 10 mM Â Ca
Ã from 0 mM to 10 mM increased the root length of PutHKT2;1-expressing seedlings 2-3-fold.
Low tissue K + /Na + ratio account to Na-sensitivity of PutHKT2;1 and OsHKT2;1 transgenic seedlings
The Na + and K + contents of WT, PutHKT2;1, and OsHKT2;1 transgenic seedlings were determined. Figure 11 shows that the Na + and K + accumulation patterns of WT and transgenic seedlings were similar between shoot and root. PutHKT2;1 and OsHKT2;1 transgenic seedlings accumulated more Na + than the WT when the growth medium contained 50 mM Na + and 1.75 mM K + (Fig. 11A, upper  panel) . Interestingly, external Na + addition significantly reduced the K + content of OsHKT2;1-expressing seedlings but had little effect on the K + content of PutHKT2;1-expressing seedlings (Fig. 11A, lower panel) . Furthermore, the Na + and K + contents of PutHKT2;1-expressing seedlings did not significantly differ from those of the WT when grown in the presence of 50 mM Na + and 0.1 mM K + , confirming that PutHKT2;1 does not mediate Na + uptake under low external K + concentration. The Na + accumulation in shoots and roots of PutHKT2;1-expressing seedlings was decreased when the Â Ca 2þ Ext Ã was increased from 3 mM to 10 mM, but higher Â Ca 2þ Ext Ã did not greatly affect the Na + accumulation of OsHKT2;1-expressing seedlings. Overall, the Na-sensitivity symptoms of PutHKT2;1-and OsHKT2;1-expressing seedlings were due, primarily, to decreased K + to Na + ratios both in the shoot and root (Fig. 11B ).
Discussion
PutHKT2;1 and OsHKT2;1 perform different functions in transgenic yeast and Arabidopsis
In this study, an HKT homologue, PutHKT2;1, was isolated from a graminaceous halophyte P. tenuiflora and its function was characterized and compared with two previously identified HKTs, PhaHKT2;1 and OsHKT2;1. When characterized in yeast, PutHKT2;1 shows K + -Na + transport characteristics similar to those of PhaHKT2;1 which may be due to the conserved glycine residue in the first pore region. As previously reported, OsHKT2;1-expressing yeast could transport K + like OsHKT2;2 but only if the serine in this position was mutated to glycine. Similarly, AtHKT1;1-expressing yeast could transport K + only if the serine in this position was mutated to glycine. However, it is worth noting that the K + uptake complementation rate of the AtHKT1;1 mutant is still weaker than that in yeast expressing TaHKT2;1 (Maser et al., 2002b) , suggesting that some amino acids other than the well-known glycine residue are involved in determining the K + transport properties of HKT proteins. Furthermore, other studies in yeast have shown that single-base mutations of TaHKT2;1 enable it to enhance yeast salt tolerance (Rubio et al., 1995 (Rubio et al., , 1999 , indicating that small changes in the HKT protein structure could be expected to alter the ion selectivity or affinity of the protein. Even though PutHKT2;1 and PhaHKT2;1 showed very similar K + transport properties, they displayed a slight difference in Na + uptake ability (Fig.  5) . A difference in Na + uptake ability can be expected because the amino acid sequences of PutHKT2;1 and PhaHKT2;1 differed by 37%. Among the different amino acids, one amino acid (glutamine at position 270 of TaHKT2;1) was previously shown to be responsible for the low affinity Na + uptake of the protein (Rubio et al., 1999) . Mutation of the glutamine residue to leucine resulted in reduced low affinity Na + uptake of TaHKT2;1. This glutamine residue is conserved in PhaHKT2;1. However, PutHKT2;1 has a methionine instead of glutamine (Fig. 1) . Thus, the lower Na + uptake ability of PutHKT2;1 may be related to the glutamine-to-methionine substitution. However, the transport properties of an HKT protein may not be solely determined by single residues.
To clarify the physiological role of PutHKT2;1, PutHKT2;1 was expressed in Arabidopsis and compared with OsHKT2;1, which is a closely related HKT but functions differently in yeast. Three conclusions can be drawn from our results. First, our finding that Arabidopsis plants expressing PutHKT2;1 and OsHKT2;1 had significantly higher Na + contents than the WT in the presence of 50 mM NaCl (which exacerbates the Na-stress effect on WT) (Fig.11) Ã . This different mode of action might relate to the physiological function of each protein in plants. OsHKT2;1 is responsible for a major portion of nutritional Na + uptake and for the distribution of Na + in Kstarved roots (Horie et al., 2007) . Thus OsHKT2;1 only Fig. 10 . Calcium regulation on Na-sensitivity of PutHKT2;1 and OsHKT2;1 over-expression lines. Root lengths of WT and transgenic seedlings after the indicated treatments. Seven-day-old WT and transgenic seedlings grown on MS were transferred to minimal-medium supplemented with 0, 1, 3, or 10 mM CaCl 2 and 50 mM NaCl. Results are expressed as means 6SE (n¼5). mediates Na + at low
The possible physiological functions of PutHKT2;1 are discussed below. And third, the Na + transport function of OsHKT2;1 is independent of Â Ca 2þ Ext Ã while the Na + transport function of PutHKT2;1 is partially dependent on Â Ca 2þ Ext Ã . This is because the addition of 10 mM Ca 2+ reduced Na + accumulation in PutHKT2;1-expressing Arabidopsis (Fig. 11) . Ca 2+ serves as a second messenger in plant cells during abiotic stress signalling and appears to have roles in ion channel regulation (Zhu, 2003; Cheong et al., 2007; Mahajan et al., 2008) . The SOS3(CBL4)-SOS2(CIPK24) complex was first suggested to down-regulate HKT gene expression or inactivate HKT proteins during salt stress, because mutations in AtHKT1;1 suppressed the Na + -hypersensitivity of the sos3 mutant (Uozumi et al., 2000; Mahajan and Tuteja, 2005) . A subsequent study showed that AtHKT1;1 mutations do not strictly repress the Na + hypersensitivity of the sos3 mutant and that SOS3 and AtHKT1;1 are physiologically distinct major determinants of salinity tolerance (Horie et al., 2006) . However, at high Ca 2+ , SOS3-independent mechanisms may be activated because the Arabidopsis genome encodes nine homologues of the SOS3 gene (Kolukisaoglu et al., 2004) and might, in turn, regulate (e.g. inactivate) PutHKT2;1 and thus decrease the absolute Na + content in transgenic Arabidopsis.
PutHKT2;1 and OsHKT2;1 control K + acquisition and nutrient status of Arabidopsis differently This study revealed that PutHKT2;1 and OsHKT2;1 function in controlling Na + homeostasis, which, in turn, affects K + acquisition and the nutrient status of transgenic Arabidopsis. Our results show that OsHKT2;1 is a negative regulator of the K + -uptake system in transgenic Arabidopsis, because OsHKT2;1-expressing Arabidopsis exhibited a significantly reduced K + content in both the roots and shoots (Fig. 11) . This finding provides an additional reason for the rapid reduction of OsHKT2;1 mRNA in response to elevated levels of NaCl (Horie et al., 2007) . The down-regulation of OsHKT2;1 transcripts in such conditions might also be necessary to prevent OsHKT2;1 from inhibiting the K-uptake system, rather than just to restrict Na + -influx under high Â Na Seven-day-old WT and transgenic seedlings grown on MS were transferred to minimal-medium supplemented with the indicated salts. Seedlings were grown vertically for 14 additional days before being harvested. For each treatment, the ion content was determined from a pool of 15 plants. Results are expressed as means 6SE (n¼3). Asterisks indicate a significant difference from the WT (P <0.05) by Student's t test.
Possible role of PutHKT2;1 in the salt tolerance of P. tenuiflora
The expression patterns of HKT transporters may provide some clues to their physiological roles. So far, the HKT transcripts from graminaceous plants such as wheat (Schachtman and Schroeder, 1994) , rice (Garciadeblas et al., 2003; Kader et al., 2006) , and reed plant (Takahashi et al., 2007) are mainly expressed in roots and induced under low K + concentration conditions. Similarly, PutHKT2;1 mRNA was also expressed mainly in roots and up-regulated dramatically in response to K + starvation (Fig.  4) . In a previous study, when P. tenuiflora was subjected to K + starvation and salt-stress conditions, K + uptake was not influenced by Cs + , and TEA application in those conditions resulted in a decreased K + concentration in shoots and decreased Na + concentrations in shoots and roots (Peng et al., 2004) . This result suggested that, at low external K + availability and in the presence of Na + , P. tenuiflora had a high affinity K + uptake system that is also permeable to Na + . PutHKT2;1 is a candidate for a high affinity K + uptake system in view of (i) its localization in the plasma membrane ( Fig. 3) , (ii) the up-regulation of PutHKT2;1 transcripts in roots under K-starvation condition (Fig. 4) , (iii) the evidence that PutHKT2;1 mediates K + transport in yeast (Fig. 6C) , and (iv) the fact that PutHKT2;1-expressing Arabidopsis could maintain the tissue K + content similar to the WT under low Â K þ Ext Ã and in the presence of elevated Na + (Fig. 11) . Maintaining a high K + /Na + ratio under salt stress is important to the cellular metabolism (Zhu, 2003; Munns and Tester, 2008) , and PutHKT2;1 might facilitate K + uptake under low Â K þ Ext Ã and in the presence of elevated Na + to keep the K + /Na + ratio of the cell at the same level. Previous studies have shown that P. tenuiflora could maintain its shoot potassium content which remained unchanged during salt stress treatment and resulted in only a slight decrease in the K + /Na + ratio (Peng et al., 2004; Wang et al., 2004 Wang et al., , 2009 .
Finally, this work provides a direct functional comparison of two closely related HKTs from a glycophyte (rice) and from a halophyte (P. tenuiflora). The different characteristics between PutHKT2;1 and OsHKT2;1 might contribute to the different salt tolerance of P. tenuiflora and rice. Further studies of the tissue-specific expression and the transcriptional regulation of PutHKT2;1 in response to external K + and Na + concentrations should elucidate the important role of PutHKT2;1 in the salt tolerance of P. tenuiflora.
